Resonance Raman and IR spectroscopy of aligned carbon nanotube arrays with extremely narrow diameters prepared with molecular catalysts on steel substrates / Jain, Resonance Raman and IR spectroscopy of aligned carbon nanotube arrays with extremely narrow diameters prepared with molecular catalysts on steel substrates Abstract Carbon nanotubes (CNTs) are considered promising for a large range of emerging technologies ranging from advanced electronics to utilization as nanoreactors. Here we report a controlled facile synthesis of aligned carbon nanotubes with very small dimensions directly grown on steel grid substrate via two step catalytic chemical vapor deposition (CCVD) of molecular catalyst (Ferrocene) first and then Ethylene as carbon source. The system is characterized by resonance Raman and show single walled carbon nanotube (SWCNT) arrays composed of 0.80 nm and 1.24 nm semiconducting CNTs, as analyzed with Kataura analysis, approaching the lowest diameters attainable in SWCNTs.
and the chirality of the CNTs to a large extent determine the properties of the system, such as the metallicity, density of edge states etc. 3 The 2D confined nanotubes, corresponding to a 1D material system, are the smallest dimension structures to be used for efficient transport of electrons and optical excitations, where extensive research is made about the nature of transport through 1D systems and how do these properties depend, for example, on diameter and structure. 3 To this aim, many investigations on the growth and characterization of aligned and patterned CNTs on a variety of flat substrates such as silicon, glass and plastic have been performed. [6] [7] [8] [9] [10] Films with CNT covered substrates may be used in transistors, chemical and flow sensors, electrical contacts, mechanically tuned composites, and catalyst supports. 2, [11] [12] [13] [14] The first low-dimensional CNTs were reported by Iijima 1991 in a fullerene arc discharge reactor using graphite electrodes with the smallest diameter of 2.2 nm, 15 while earlier studies also have reported hollow carbon filaments 16 and also catalyst induced filamentous carbon. 17 Thereafter, many techniques have been developed to synthesize CNTs, such as arc-discharge, laser ablation of graphite and catalytic chemical vapour deposition (CCVD). The Catalysed Chemical Vapour Deposition of CNTs is similar to the general CVD processes, except for the use of metal catalyst. For this reason the process is often referred as catalytic chemical vapour deposition (CCVD). Typically, hydrocarbons are flowing into a preheated furnace at a controlled rate, where they are decomposed by metal catalysts (commonly Fe, Ni or Co) previously deposited on a substrate (e.g. silicon, silica, plastic, glass etc), to produce CNTs. 18 The small clusters, acting as catalyst nuclei, give rise to SWCNTs and MWCNTs. In this work we have systematically exploited the 2 step deposition method for preparation of small diameter carbon nanotubes on steel substrate, where in first step deposited dense (high density) forest of ferrocene catalyst is flown deposited and thermal decomposition of ferrocene provides both catalytic particles and carbon source and in second step Ethylene is used as additional carbon source. Moreover, by controlling the synthesis conditions (temperature, flow rate, time, pressure), the nucleation of larger catalyst particles can be suppressed and high density catalyst formation promoted, thus favoring the formation of nanotubes with smaller diameter.
Raman spectroscopy is a well-established tool for obtaining information without damaging the CNT structure 3, 4 and in particular for determining the degree of structural ordering and the morphology, including the diameter of the tubes or their conductance properties together with the presence of contaminants. 19 The first-order Raman spectra of all graphite-like materials, including MWCNTs and SWCNTs, show a strong peak around 1580 cm -1 , which is the highfrequency E 2g first-order mode, whose position is rather independent of excitation wavelengths; it is reported that unlike graphite, the tangential G mode (G-band) of SWCNTs is a sum of several energy tangential modes (6-8), which originate from breaking the symmetry of the tangential vibration when a graphene sheet is rolled into a tube structure. 4, 20 Among these, two intense modes labeled G + and G -, related to the atomic displacement along the tube axis (G + ) and along the circumferential direction (G -), have been highlighted, where the shape of Gmode depends on whether the tube is semiconductor (Lorentzian line shape) or metallic (Breit-Wigner-Fano, BWF line fit). 4, 20, 21 Whereas the G + -Gsplitting is large for small diameter SWCNTs, the corresponding splitting of the G-band in MWCNTs is small, because of the diameter distributions within individual MWCNTs. 3, 21 A disorder-induced band around 1350 cm -1 (D-band) and an high frequency shoulder of the G band around 1620 cm -1 (labeled D' or G*), is explained in terms of double resonant Raman scattering due to defective situations. 21 The shape, the position and the intensity of D-modes, which correspond to the sp 3 -hybridized carbon atoms, are correlated with the extent of the disorder and the defects of graphitic walls and with the laser beam excitation wavelengths. 22 It can be highlighted that D' band may become more intense than the G band for excitation wavelength in infrared region. The increase of the relative intensity of the D and D' bands (I D /I G and (I D' /I G ) with excitation wavelengths has already been observed by other authors and it is related to a larger electron-phonon interaction for D and D' bands with respect to G peak, as described by double resonance theory. 19, 20, 23 The presence of G band and the dispersive behavior (i.e. the frequency shift with the excitation frequency) of D and D' bands, together with the band widths give information on the graphitization degree of the materials. 3 Additional features in the radial breathing mode (RBM) region (350-100 cm -1 ) are due to the presence of different nanotubes, simultaneously in resonance with the laser photon frequency.
The Raman-active radial breathing modes (R band) are sensitive to the nanotube diameter, which in turn depend on the chirality of the CNTs. From the chirality vector C k , defined in Fig   1, and the carbon-carbon bond-length (a c-c ), and simply utilizing that the perimeter is C k =ꞏd t , the tube diameter (d t ) can be expressed as √ √
(1)
By utilizing that each component in the RBM band has a frequency given by the equation 19 (2) where  is the vibration frequency, d t is the tube diameter in nm and the empiric parameters C 1 and C 2 , one can obtain the chirality vector from RBM analysis form Raman spectroscopy. In our case, 234 cm -1 and 10 cm -1 are used for C 1 and C 2 , respectively, to obtain natural number multiples in the analysis. The chosen values for other systems, however, are depending on the set of expected multiples which in turn depend on the nanotubes present (metallic or semiconducting) as well as on possible intertube interactions. 21 The iron catalyzed decomposition of ethylene into carbon gives rise to a dense network of carbon nanotubes on the grid (Fig 2a) , whose cavities appear completely covered at the end of the process (Fig 2b) . Exploded view at a different level of magnification of a selected small area (Fig 2c) show aligned and closed packed filaments, which are elongated along a preferential direction (cross-section view of CNTs, region 1), with CNT bundles (top-view of packed CNTs, region 2) ranging in the 40÷100 nm interval (Fig 2d) . Strong accumulated van der Waals (vdW)
forces along the carbon nanotubes are considered to be responsible for strong driving force for packing individual CNTs into aligned CNT bundles (Fig 2e) . Isolated nanotubes deposited on HOPG, as obtained after unbundling the high-density CNT network (i.e. sonication in IPA), have been AFM imaged (Fig 2f) . The measured heights clearly indicate that the majority of of aligned carbon nanotubes. 33 The same can be observed for the D' band at 1615 cm -1 already explained in terms of double resonant Raman scattering due to defective situations.
Concerning the two reference materials, the G band peaks at 1581 cm -1 with a shoulder at 1615 cm -1 and the D band at 1323 cm -1 (MWCNTs, Fig 3b, red line) . The band at 1596 cm -1 , with a shoulder at 1563 cm -1 , can be assigned to the G + -Gfeatures, and the D band at 1298 cm -1 ( SWCNTs, Fig 3b, green line) . It is noteworthy that likewise to the as grown CNTs, although less intense, the spectrum of MWCNTs (Fig 3b red line) shows a shoulder at 1615 cm -1 (D' band) due to defective situations, unlike SWCNTs (Fig 3b green line) . In conclusion, by comparing both the sequence of spectra in Fig 3 a,b , the frequency values of the as grown CNTs are slightly higher than those of reference MWCNTs, and lower than those of reference SWCNTs, inclusion of a portion of MWCNTs in our as prepared samples is likely . Conversely, at 785 laser excitation, our sample (inset in Fig 3b, black line,) is semiconducting in character, shows two distinct wide signals at  180 cm -1 and at  279 cm -1 , which corresponds to diameters of 0.80 nm and of 1.24 nm, whereas the well resolved features in the 0.84-1.60 nm range (insert in Fig 3b, green line) can be explained with the contemporary presence of metallic (higher diameters) and semiconducting (lower diameters) SWCNTs (Fig 3c, Fig. S1 and Fig. S2 in the ESI †).
Depending on the diameter, the red or green lasers can excite selectively semiconducting or metallic tubes (resonance Raman). 32 In fact, it is known that the vibrational frequencies in the Table 1 . Fig 1 (a) domains, thus helping in the modification of the dipole moment. 41 In addition, under the adopted measurement conditions, we are not able to assign the IR features to C-C bonds in the SWCNTs or MWCNTs samples. The dispersion of the samples on KBr pellet, without vacuum annealing, causes the adsorption of a wide amount of impurities, which doesn't allow to distinguish carefully between functional groups formed during the growth process or due to measurements conditions. Moreover, the intertube interactions (bundling) either the interactions at the surface of nanotubes, make the separate modes of the SWCNTS and the MWCNTs hard to distinguish.
Nevertheless, Fourier Transform Infrared Spectroscopy can have a role in assigning the surface functional groups, which together with the vdW attractions are responsible of the observed bundling phenomena.
The cost of our newly developed single walled carbon nanotubes is almost 4 times cheaper than the commercial available CNTs from Mitsui and Elicarb that we used in this study. 
Conclusions
We have demonstrated controlled two step CVD method where the formation of aligned and 
Experimental

CNT synthesis
CNTs were grown on steel grid substrates by a two step catalytic chemical vapor deposition (CCVD) process. Where first the ferrocene molecular catalyst was evaporated at high temperature and then ethylene gas was introduced as carbon source to boost formation of carbon nanotubes. The synthesis was carried out inside a horizontal tube reactor (d tube 2.5 cm) on a sample grid, which is used as a substrate to deposit the catalyst and to grow CNTs. The grid was located in the middle of the quartz tube perpendicular to the flow direction, whereas a small quartz vessel containing FeCp 2 (0.5 g) was placed in the cold region of the inlet tube. The highly volatile FeCp 2 sublimes at 170 o C and starts to decompose at T 500°C. Iron clusters and reactive carbon species, which are formed in the gas phase react and move through the reactor. Hence, the grid placed perpendicular to the gas flow direction, together with the holeshaped geometry of the support (holes of 0.5-1 mm) and the rough morphology of the grid (see MWCNT (Mitsui) are high quality multi-wall carbon nanotubes, with very low inorganic residue. Typical nanotube dimensions are 50-70 nanometers in diameter and 10's of microns in length. 30, 31 Ferrocene (98%, Sigma Aldrich) was used as catalyst precursor for the catalytic synthesis of carbon nanotubes.
Characterization Techniques
The as grown CNTs were investigated by vibrational spectroscopies (Raman and IR) and microscopies (SEM and AFM). The Raman spectra were acquired by using a micro-Raman
Renishaw spectrometer equipped with a CCD detector. An argon ion laser (514 nm) and a solid state laser (785 nm (red) laser lines were used. All the measurements were performed at room temperature: the commercial reference samples were analyzed in powder form, whereas the as grown CNTs were directly investigated on the supported steel grid.
IR spectra of CNTs were obtained in air at RT in transmission mode (FTIR Bruker IFS-28 spectrometer, equipped with a MCT cryogenic detector. Each IR spectrum was averaged from 128 acquisitions (scan resolution of 4 cm −1 ) of CNTs deposited on the KBr pellet after dispersion in diethyl ether (0.1 mg/10 ml) and sonication for 10 min.
Scanning electron microscopy images of CNTs, grown on steel grid substrate, were taken on a Zeiss Evo50 SEM instrument operating at 30 kV. AFM images were acquired with a Park XE-100 instrument (SSS-NCL Si probes with tip radius <5nm, NanoSensors) by using an in-house made configuration with a dedicated setup for a very soft interaction to handle delicate samples. 42 Thus vertically oriented CNTs were imaged along the cross-section of the sample as obtained from the steel grid with a cutter, adhesive tape and then acquired in tapping-mode.
Isolated nanotubes, collected from the same CNTs, were imaged on freshly cleaved HOPG after sonication for 15' in isopropyl alcohol (0.1 mg/10 ml) and deposition.
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